INTRODUCTION
Genetic maps of the porcine genome have been developed during the last decade [3, 10, 32, 33] . More than 3 800 markers, including 1 500 microsatellites (M. Rothschild, personal communication), spaced throughout the genome, are currently available. These genetic maps have made it possible to perform a systematic search of individual loci affecting quantitative traits of economic importance.
An experiment was conducted at INRA to map loci affecting a number of economically important traits in a Meishan × Large White F2 population using microsatellite markers. The large differences observed between both breeds in growth performance, body composition, meat quality, reproduction and behaviour (e.g. [4] ) make it likely that a number of genes with large and intermediate effects are segregating in second generation crosses. A genomewide scan using a panel of 137 markers was performed in a Meishan × Large White crossbred population with 530 males and 573 female F2 progeny. This paper reports the results obtained for growth rate and backfat thickness.
MATERIALS AND METHODS

Animals and data recording
A three-generation resource population was developed at the INRA experimental research farm of Le Magneraud (Surgères, Charente-Maritime, hereafter referred to as Le Magneraud) firstly by mating six unrelated Large White boars to six loosely related Meishan sows (one boar/sow). One boar and four gilts were kept for breeding from each of the six litters produced (except in one litter where only three females were available). Three or four F1 females were assigned to each F1 boar and were mated to produce the largest possible families of F2 piglets. Assignments were performed to minimise relationships. Six F1 females were culled early and were removed from the experiment. The 17 remaining sows were allowed to produce up to 13 litters. Two of the six males were culled before the end of the experiment. Their females were reassigned to the four remaining males in order to produce new full-sib families. A total of 573 F2 female and 530 F2 male pigs were used for quantitative trait locus (QTL) mapping. The sibship structure of the F2 population is shown in Table I . The 12 founder animals were tested and were found to be free of the mutation at the ryanodine receptor locus which is responsible for halothane susceptibility.
The sows were managed under a batch farrowing system, with a 3-week interval between contiguous batches. These batches then became postweaning and fattening batches of growing pigs. All piglets were individually weighed at birth and at 3 weeks of age. Piglets were weaned at 28 days of age and placed in collective pens in the postweaning unit until 10 weeks of age. Male piglets were not castrated and were transferred at 10 weeks of age to another INRA experimental herd (SESP, Rouillé, Vienne, hereafter referred to as Rouillé). Conversely, female piglets were raised in Le Magneraud, with the exception of 68 females raised in Rouillé in 1992.
When arriving in Rouillé, male piglets were allotted to pens of about 10 animals in a semi -open building. They were given an ad libitum diet containing 17% crude protein, 0.85% lysine and 3 100 kcal digestible energy during the whole testing period from 10 to 22 weeks of age. They were weighed at the beginning and at the end of the testing period. They were also weighed and measured for backfat thickness at 13 and 17 weeks of age. Six ultrasonic backfat measurements were taken on each side of the spine, 4 cm from the mid-dorsal line at the levels of the shoulder, the last rib and the hip joint, respectively. Females were also allotted to pens of about ten animals in a closed building and were performance tested between 10 and 22 weeks of age. They were given an ad libitum diet with the same characteristics as the male diet during the whole testing period. They were weighed at 10, 13, 17 and 22 weeks of age and measured for backfat thickness at 13, 17 and 22 weeks of age. Backfat measurement sites were the same as for males. 
Traits analysed
With the exception of backfat thickness at 22 weeks of age, which was only measured in females, traits were measured in both sexes. A total of 14 traits were analysed, i.e.:
• weight at birth (WB), at 3 weeks (W3w), 10 weeks (W10w), 13 weeks (W13w), 17 weeks (W17w) and 22 weeks (W22w) of age; • average daily gain from birth to 3 weeks of age (ADG1), from 3 to 10 weeks of age (ADG2), and from 10 to 22 weeks of age (ADG3); • average backfat thickness at 14 (BF14w), 17 (BF17w) and 22 (BF22w) weeks of age; • average backfat thickness at 40 (BF40kg) and 60 (BF60kg) kg live weight.
The number of records, overall means and standard deviations of the 14 traits studied are shown in Table II .
Genotyping
The 1 103 F2 pigs, their 29 parents and 12 grandparents were typed for 123 microsatellite markers and for the major histocompatibility complex (SLA). The panel was complemented by 13 additional microsatellite markers used in families with homozygous markers in QTL chromosomal regions. The microsatellite markers were selected from published linkage maps [3, 33] and from more recently developed markers at the INRA Laboratoire de génétique cellulaire according to their position, their heterozygozity as well as the quality and the reproducibility of their profile on automatic sequencers. The panel of markers covered all 18 autosomes and the X chromosome. The number of markers per chromosome varied between 3 (SSC 18) and 12 (SSC 7).
The DNA was isolated from blood and spleen tissue samples. Genotyping was partly performed at Labogena (Jouy-en-Josas, France) and partly at the Laboratoire de génétique cellulaire on automated sequencers (ABI; Perkin Elmer, Norwalk, CT). Two to ten markers were combined according to their size and amplification conditions and amplified by PCR in one or two multiplexes. PCR products of 8 to 12 markers were then combined on a single gel and analysed simultaneously on automated sequencers. The fragment length of the PCR products was determined using Genescan software (ABI; Perkin Elmer). The genotype of the animals was then automatically determined using Gemma [16] and Genotyper (ABI, Perkin Elmer) softwares. Genotype data were finally checked, validated and stored in the Gemma database [16] .
Statistical analyses
Multipoint linkage analyses were carried out for males, females and both sexes with the 2.4 version of the CriMap software [11] . Recombination units were then converted into map distances using the Haldane mapping function.
Phenotypic data were first adjusted for systematic environmental effects. Adjustment factors were obtained using a mixed linear model [15] , i.e. assuming a polygenic inheritance. The model used to describe the data was:
where y is the vector containing the phenotypic data of F2 animals for a given trait, b is a vector containing fixed effects and covariables, p and a are vectors containing the random effects of common birth litter and the additive genetic value of each animal, respectively, and e is a random residual effect. The covariance structure of the random effects was assumed as follows: [29] . The computations were performed using the VCE software [25] .
Two types of interval mapping analyses were performed: 1) a line-cross analysis which assumes that founder populations are fixed for different QTL alleles (hereafter referred to as the LC model); 2) a model assuming that the F2 population is a mixture of full and half-sib families and making no assumption about the number of QTL alleles and allele frequencies within the founder populations (hereafter referred to as the HFS model).
The LC analysis was performed using the software developed by Haley et al. [12] . The model used assumed that founder breeds were fixed for alternative alleles (e.g. Q in Meishan and q in Large White animals). Denoting the effects of QQ, Qq andas a , d and −a, respectively, the adjusted performanceỹ i of an F2 offspring i could be written as: (1) where µ is the population mean, c ai and c di are the coefficients of additive (a) and dominance (d) components, respectively, for animal i at a given position, and e i is the residual error. c ai and c di were computed as c ai = Prob(QQ i ) − Prob(qq i ) and c di = Prob(Qq i ), where Prob(XX i ) is the probability of animal i having the genotype XX i . The genotype probabilities were computed as described in Haley et al. [12] considering only the most probable phases. At each location (each cM), an F ratio was computed comparing the model with one QTL (1) to an equivalent model without any linked QTL. Estimates for a and d were calculated at the location with the highest F ratio.
In the HFS model, the F2 population was assumed to be structured into 24 full-sib families nested within 6 independent sire families. Hence, dams mated to different sires were considered as different dams. Genotype probabilities were computed in three successive steps [21] . First, sire genotype probabilities were computed conditional on grandparental, mate and progeny marker information assuming sire families to be half-sib families. Dam genotype probabilities were then computed conditional on sire genotype and grandparental and progeny marker information. Finally, transmission probability, i.e. the probability for each offspring to receive a given gamete from its sire and dam, was computed for each position along a chromosome, conditional on the grandparental origin of markers, sire and dam phases and marker genotypes of the individual.
The test statistic was computed as the ratio of likelihoods under the hypothesis of one (H1) vs. no (H0) QTL linked to the set of markers considered. Under the H1 hypothesis, a QTL with a gene substitution effect for each sire and each dam was fitted to the data. Sire genotypes were considered to be correctly rebuilt due to the large family size, so that only the most probable sire phase was considered. Conversely, all sufficiently probable (above 0.10) dam phases were considered, so that the likelihood Λ could not be entirely linearised. Given these hypotheses, the likelihood at any location x could be written as:
where: i, j is a product over full-sib families, hd ij is a summation over dam phases with a probability greater than 0.10,ĥs i = arg max hs i p(hs i |M i ), p(hs i |M i ) = linkage phase probability for sire i given marker information M i , p(hd ij |M i ,ĥs i ) = linkage phase for dam j given marker information M i and sire linkage phase, f (ỹ ijk |ĥs i , hd ij , M i ) = probability density function of the adjusted phenotypeỹ ijk of the kth offspring of the jth dam and the ith sire, conditional on the chromosome segments transmitted by the sire (q s ) and the dam (q d ).ỹ ijk is supposed to be normally distributed with mean 
is the transmission probability from parents i and j to offspring k, and µ xq s i and µ
and α x ij being the within-half-sib and within-full-sib average QTL substitution effects. Average substitution effects, which in the present case are equivalent to additive values (a), were hence estimated within each sire family as µ The analyses for QTL on chromosome X were performed for each sex separately in order to take into account that: 1) F2 males carried only one copy of X chromosome from either Meishan or Large White grandparents, whereas F2 females received an additional copy of Meishan X chromosome, 2) the X chromosome does not recombine in F1 boars. As a consequence, only substitution effects of alleles transmitted by F1 sows could be estimated.
Approximate confidence intervals of QTL position were determined empirically by the "drop-off" method [20] . As shown by e.g. Mangin et al. [22] , this method tends to give underestimated confidence intervals.
Three significance levels, i.e. suggestive, genome-wide significant and highly significant linkages were defined as proposed by Lander and Kruglyak [20] . Suggestive linkage was defined as the probability of obtaining, by chance, one significant result per genome analysis. Considering that 19 independent chromosomes were analysed and assuming the number of significant chromosomes to follow a binomial distribution, the required threshold on a chromosome level P c is such that 19P c = 1, i.e. P c ∼ 0.05 [19] . The chromosomal test significance level P c corresponding to a genome-wide test probability P g was obtained using the Bonferroni correction, i.e. as a solution to: P g = 1−(1−P c ) 19 , which gives P c = 0.0027 for P g = 0.05 [19] . An equivalent number of independent traits was computed using canonical transformation [39] based on phenotypic correlation estimates in order to estimate the expected number of false positive results. The canonical transformation showed that the first six factors accounted for 96% of the total variation, so that 6, 0.3 and 6 × 10 −3 false-positives can be expected based on the above-mentioned suggestive, genome-wide significant and highly significant levels, respectively.
Significance thresholds were determined empirically by data permutation as described by Churchill and Doerge [6] for the line-cross analyses and by simulating the data assuming a polygenic infinitesimal model and a normal distribution of performance traits for the half-/full-sib analysis [21] . A total of 10 000 to 50 000 permutations or simulations were performed for each chromosome × trait combination. Estimated thresholds somewhat varied according to the chromosome and the trait investigated. They ranged from 5.4 to 5.8 and from 9.0 to 9.5 for suggestive and significant linkage, respectively, with LC model. Corresponding intervals with HFS model were 53.8-56.9 and 65.1-70.3, respectively.
RESULTS
Markers and genetic map
The main characteristics of the panel of markers used and the distribution of the 137 markers used are shown in Table III and in Figure 1 , respectively. It can be seen from Figure 1 and from the position of markers on published genetic maps [33] that the panel of markers used satisfactorily covers the 18 autosomes and the X chromosome. The average distance between adjacent markers ranged from 3 to 60 cM, with a mean value of 22.0 cM, on the sexaveraged map. These variations were due to the lack of useful markers in some regions, but also to discrepancies between distances estimated in the current experiment and distances in the published linkage maps on which our selection of markers was based. Nevertheless, the order of markers was similar to that published by Rohrer et al. [33] The length of the genome covered by the marker panel was noticeably larger than that reported by Rohrer et al. [33] 
QTL mapping
Results showing associations with at least a suggestive level of significance obtained using both line-cross and half-/full-sib models are given in Tables IV  to VII . Values of the test statistics, corresponding significance levels and QTL positions are given in Tables IV for growth traits and in Table VI 
Growth
Nine chromosomal regions reached genome-wide significance for at least one growth trait. Four of these regions located on chromosomes SSC 1, 4, 7 and 13 were highly significant (P g < 0.001). Results from LC and HFS analyses were very similar except for SSC 13. A QTL explaining 1 to 3% of the phenotypic variance of body weights from 10 to 17 weeks of age was located at the end of the q arm of SSC 1. Meishan alleles had a favourable effect on the three weight measurements. A suggestive QTL was also evidenced for W22w, but at a different position on the chromosome (87 vs. 175 cM) and with a favourable effect of Large White alleles. The most likely position of the SSC 4 QTL was in the interval between markers S0001 and SW1089. The QTL mainly affected growth and body weights from 10 to 22 weeks of age and explained a fraction of phenotypic variance ranging from 4 (ADG3) to 7% (W22w) of the phenotypic variance. The Meishan alleles decreased growth. No significant dominance effect was evidenced. The SSC 7 QTL was located 
in the SLA-S0102 interval and explained 9 and 11% of the phenotypic variance of ADG3 and W22w, respectively. The Meishan alleles were associated with a higher growth rate and were almost completely dominant over Large White alleles. The SSC 13 QTL was overdominant for ADG2, with the estimate of d being 2.5 larger than that of a. Five other chromosomes, i.e. SSC 6, 8, 11, 16 and 18 presented genome-wide significance (P g < 0.05) for at least one growth trait. The LC and HFS models gave less consistent results than for highly significant QTLs. For instance, the most likely position of the SSC 6 QTL varied according to the trait and the 
Fatness
Seven different chromosomal regions reached genome-wide significance for fatness traits. Five of them were located on SSC 1, 4, 5, 7 and X were highly significant. The LC and HFS models gave very similar results for these five regions. Similarly, adjusting backfat measurements for either age or weight only had a limited influence on the results. The most likely position of the SSC 1, 4 and 7 QTLs were the same as those described here above for growth traits. SSC 5 and X QTLs were very close to markers SW1134 and SW1994, respectively. The chromosome X QTL was significant only in males, except at 22 weeks of age. SSC 1, 4, 5, 7 and X explained 4-6%, 3-4%, 2-5%, 5-14% and 8-40% of the phenotypic variance of backfat thickness traits respectively. Large White alleles from SSC 1, 4, 5 and X QTLs had favourable additive effects on backfat thickness. They were partially dominant over Meishan alleles on SSC 1, whereas SSC 4 and 5 QTLs had purely additive effects. Conversely, Meishan alleles were associated with lower backfat thickness on SSC 7 and were partially dominant over Large White alleles.
The two other regions reaching genome-wide significance (P g < 0.05) were located using the LC model on SSC 6 and SSC 8, respectively, in the same regions as those previously detected for W22w and ADG3. Both QTLs explained 1 to 2% of the phenotypic variance. Meishan alleles had an unfavourable additive effect on SSC 8, but a favourable effect on SSC 6 and were in both cases dominant over Large White alleles. Less consistent results were obtained using the HFS model, with no QTL (SSC 8) or variable positions (SSC 6) of the detected QTL.
Suggestive QTLs were detected on four additional chromosomes, i.e. SSC 2, 10, 13 and 14. The SSC 2 QTL was located at the extremity of the p arm close to the IGF-2 locus. Favourable additive Large White alleles explained 1 to 2% of the phenotypic variance. Suggestive QTLs with favourable LW alleles were detected on SSC 13 using both the LC and HFS models, but on different traits (BF13w vs. BF17w) and at slightly different positions. The SSC 10 and SSC 14 regions were detected only with the HFS model. Favourable Large White alleles explained about 1% of the phenotypic variance.
DISCUSSION
Methodology
The prior adjustment of the data for environmental effects was performed under the assumption of a polygenic infinitesimal model. Although the model is not appropriate when a QTL is segregating, it allowed adjusting the data for all fixed and random (birth litter) environmental effects, which was not possible with available QTL detection softwares. Various data adjustment procedures (no correction, correction for fixed effects prior to or within QTL mapping analyses, correction for fixed and random effects) were compared in preliminary analyses. Very similar results were obtained in all cases (with slightly lower likelihood ratios when using uncorrected data). This is not unexpected, as point estimates of fixed effects in univariate mixed linear models are not very sensitive to variations in the dispersion structure of random effects.
As emphasised by de Koning et al. [8] , the use of both the line-cross (LC) and half-/full-sib (HFS) models allows to investigate different a priori assumptions about QTL genotypes in founder populations. The LC model a priori assumes that different QTL alleles are fixed in founder populations. It is a very powerful model when this corresponds to the true state of nature, and it is rather robust to limited departures from this ideal situation, even though it tends to underestimate QTL effects in such situations [1] . The HFS model does not make any assumption about the number and frequency of QTL alleles in founder populations. It may thus be considered as a more general and realistic model, which will for instance be able to detect QTLs with similar allele frequencies in founder populations. Conversely, it involves a much larger number of parameters that require large full-sib families to be accurately estimated. Moreover, inferences about the number of alleles and their frequencies may become more complex. For instance, it was not possible to test the hypothesis of allele fixation in the parental population. Nevertheless, the similarity of the LC and HFS additive genetic effect estimates for the most important QTLs tends to indicate that different alleles were almost fixed in founder populations.
It should also be mentioned that the HFS model was probably slightly overparameterised in the present case, due to the limited number of founder animals and consequently founder alleles (a maximum of 24 assuming that all founder animals were unrelated). More parsimonious models considering the true pedigree structure of the population such as that developed by Pérez-Enciso and Varona [30] may be valuable.
Finally, the analyses were limited to the testing of a very simple genetic model, i.e. one vs. no QTL in a single-trait situation. More complex situations, such as models with two linked QTLs and models with imprinting effects, were presented for pigs by Knott et al. [19] and de Koning et al. [9] , respectively, and might be worth exploring. The use of multiple trait models might also be useful to improve the analysis of correlated traits such as successive weight or backfat measurements and the test for pleiotropy or multiple linked QTLs. However, theoretical developments and experimental analyses have so far been limited [5, 18] .
QTL detected
Results from the present study are consistent with those obtained in several experiments involving Chinese × White breed (generally Meishan × Large White) crosses. Backfat thickness genes were also mapped at the end of the q arm of SSC 1 by Rohrer and Keele [34] and de Koning et al. [8] , on SSC 4 by Wang et al. [38] and Walling et al. [36] , in the SLA region on SSC 7 with lean Chinese alleles by Rothschild et al. [35] , Moser et al. [24] , Rohrer and Keele [34] , Wang et al. [38] and de Koning et al. [8] , and on SSC X by Rohrer and Keele [34] and Harlizius et al. [14] . The latter authors obtained, as in present study, lower estimates of the SSC X QTL effects in females than in males in F2 pigs originating from Meishan grandsires and Large White granddams (vs. Large White grandsires and Meishan granddam in the present study). The lower QTL effects in females thus cannot be explained by a dominant Meishan or Large White allele. As hypothesized by Harlizius et al. [14] , it may be caused by random inactivation of the X chromosome in females or interactions with autosomal genes. The suggestive QTLs on SSC 2 and SSC 13 are located in the same chromosomal regions as those reported by de Koning et al. [8] and Yu et al. [40] respectively.
Similarly, growth gene results were consistent with those obtained in Chinese × White crossbred populations on SSC 1 by Paszek et al. [28] for early growth, on SSC 4 by Walling et al. [36] and Wang et al. [38] , in the SLA region on SSC 7 with a fast-growth Meishan allele, by Rothschild et al. [35] and Wang et al. [38] , and in the centre of SSC 13 by Yu et al. [40] . Walling et al. [36] also detected a QTL on SSC 7, but at a different position and with a favourable Large White allele.
Some QTLs were mapped in the same regions in other populations. Growth and backfat genes were mapped in the same regions of SSC 4 and SSC 13 in the Swedish QTL experiment based on a cross between the Wild Boar and Large White breeds [2, 23] .
A joint analysis of chromosome 4 effects in several QTL experiments including the present experiment showed a gene effect on birth weight significant at the genome-wide level, though the effect was smaller and the gene was positioned slightly beyond the SW0189 marker [37] . The backfat gene detected in the Wild Boar × Large White crosses in the same joint analysis, also beyond SW0189, had a larger effect than that evidenced in Chinese × White breed crosses [37] . Backfat genes have been mapped in the same region IGF-2 of SSC 2 by Nezer et al. [26] in Piétrain × Large White crosses and by Jeon et al. [17] in Wild Boar × Large White crosses. Fatness QTLs have also been mapped on SSC 4 and SSC 6 in an Iberian × Landrace cross by Ovilo et al. [27] and Pérez-Enciso et al. [31] . The most likely position of the SSC 4 QTL was similar to that obtained in Meishan × Large White crosses. Conversely, the SSC 6 QTL was located about 40 cM away from the most likely position of the QTL detected in the present study.
Previously undetected QTLs were detected for birth weight on SSC 11, for postweaning growth on SSC 16 and 18, and for backfat thickness on SSC 5. The SSC 18 QTL is located in the region of the leptin gene locus, which, using a candidate gene approach, has been shown to affect performance traits [13] and may thus be a positional candidate for this QTL, though no effect was detected on fatness traits. Conversely, it should be noted that the SSC 5 QTL is located more than 50 cM away from the IGF-1 locus.
Several of the QTLs detected in this study affect different traits and have very close positions on the chromosomes. Although it may be reasonably hypothesised that in most cases a single QTL affects the different fatness traits or the most highly correlated growth traits, it is impossible to decide whether chromosomal regions affecting both growth and fatness traits are a single QTL with pleiotropic effects or several linked QTLs. The adjustment of backfat measurements for body weight has clearly shown that, in these situations, backfat QTLs are not a simple consequence of variation in the growth rate. Fine mapping studies allowing to separate closely linked chromosomal regions should provide an answer to this question.
Favourable (i.e. positive) effects on growth are generally, but not systematically associated with favourable (i.e. negative) effects on backfat thickness. This is not unexpected, as genetic correlations between growth and fatness traits are generally low in pigs (−0.16 in the recent review of Clutter and Brascamp [7] ).
CONCLUSION
With almost 1 100 F2 pigs, the experiment analysed in the present paper is the largest pig genome scan analysed so far. It has confirmed the existence of and has somewhat more accurately positioned several previously mapped QTLs, and it has also detected several new QTLs. These QTLs are however generally mapped with low precision, making finer mapping studies necessary to reduce the mapping interval. Several applications of these results in the breeding industry may already be considered, such as the use of marker-assisted selection in Chinese × European synthetic lines, the choice of breeding animals in crossbreeding programs involving Chinese breeds or the introgression of high growth or leanness alleles in the Chinese breeds. Yet, further studies remain necessary to assess the genetic and economic impact of these new selection tools and to optimise their use.
